Abstract A case study is presented for the application of statistical and geostatistical methods to the problem of estimating groundwater quality variables. This methodology has been applied to the investigation of the detrital aquifer of the Bajo Andarax (Almeria, Spain). The use of principal components analysis is proposed, as a first step, for identifying relevant types of groundwater and the processes that bring about a change in their quality. As a result of this application, three factors were obtained, which were used as three new variables (VI: sulphate influence; V2: thermal influence; and V3: marine influence). Analysis of their spatial distribution was performed through the calculation of experimental and theoretical variograms, which served as input for geostatistical modelling using ordinary block kriging. This analysis has allowed a probabilistic representation of the data to be obtained by mapping the three variables throughout the aquifer for each sampling point. In this way, one can evaluate the spatial and temporal variation of the principal physico-chemical processes associated with the three variables VI, V2 and V3 implicated in the groundwater quality of the detrital aquifer.
INTRODUCTION
The study of hydrogeochemical evolution in complex aquifers requires manipulation of a wide range of data of diverse origin. The physico-chemical parameters indicate the diversity of the groundwater and orientation of the possible processes that take place through the aquifer. A series of geological variables must also be considered which determine the chemical evolution of the water.
The current work has as its principal objective the study of the hydrogeochemical evolution of a complex aquifer, using a methodology that takes into account all the factors, considering the physico-chemical characteristics of the groundwater as well as basic data. Based on this multivariate and complex information, using principal component analysis (PCA), it is intended to establish a series of factorial variables that summarize all the hydrogeochemical information. A geostatistical study of these derived variables allows one to work in a reduced multivariate space, and to establish their spatial distribution throughout the aquifer by the calculation of variograms. Likewise, it is intended to produce maps of groundwater quality using these factorial variables and ordinary kriging. In this way, it is hoped to verify whether these new variables permit location of the zones where various physico-chemical processes are superimposed, considering the hydrogeochemical and geological parameters. Ultimately, the aim is to identify the development in space of the principal processes that act on groundwater quality.
HYDROGEOLOGICAL SETTING
The valley of the Lower Andarax River (Bajo Andarax) is flanked by the Sierra Alhamilla and the Sierra Nevada where pelitic metasediments outcrop. The extreme west corresponds to the Sierra de Gâdor which constitutes a limestone-dolomite massif with outcrops of phyllites (Fig. 1) . The depression is filled by post-orogenic detrital deposits of diverse lithology (marls, sandy loams, sands and conglomerates) with numerous evaporite gypsiferous intercalations. In accordance with the geological characteristics of the area, the following hydrogeological units have been defined, namely detrital aquifer, carbonate aquifer, and deep aquifer (Pulido-Bosch et al, 1992; Sânchez-Martos, 1997) . The detrital aquifer runs the entire length of the valley and includes Quaternary alluvial and deltaic deposits, together with Pliocene deltaic sandy silt conglomerates. The thickness of the aquifer varies between 200 m (northwestern area), and 20^10 m (delta). The detrital aquifer shows sharp fluctuations in water level, with a clear seasonal recovery.
A study of the hydrogeochemical evolution of the detritic aquifer of the Lower Andarax presents a series of difficulties related to the diversity of its groundwater, in the sense that one can find thermal processes, marine intrusion and high sulphate and boron contents (Sânchez-Martos, 1997; . To this can be added the geological complexity of the area, with an intense tectonic activity ( Bousquet & Phillip, 1976 , Sanz de Galdeano & Rodriguez Fernandez, 1985 and the presence of a great lithological diversity with frequent changes of fades (Voermans & Baena, 1983 The water of this aquifer has several types of faciès, with a gradation between magnesium or calcium sulphate, sodium-magnesium and chloro-sulphate and sodium chloride types (Fig. 2) . The first belongs to the Gâdor area, where conductivity is less than 2000 u,S cm" 1 . The other groups appear mainly in the area around Rioja and the Tabernas gully (4000 \iS cm" 1 ), and in the coastal strip, which exceeds 8000 U.S cm" 1 .
METHODOLOGY

Hydrogeochemical data
The hydrogeochemical information obtained in the Lower Andarax basin was derived from a sampling network in the Detrital Aquifer with 31 wells. The sampling was earned out during the low-water period (September) and during the high-water period (May). The physico-chemical parameters, electrical conductivity, temperature and pH, were directly determined in the well using a WTW field conductivity meter, model LFT 91 and a WTW field pH meter model pH 95. The anions CF, S0 4 2~ and N0 3~~ were analysed using ion chromatography with a DIONEX chromatograph, model DX-100. HCO3"" was analysed by potentiometric determination in a Methrom Titroprocessor, model 686. (ICP-OES) using a LEEMAN LABS atomic emission spectrophotometer, model PS-1000. The results are shown in Table 1 .
Numerical methods
Principal component analysis This is the most widely used method of multivariate data analysis owing to the simplicity of its algebra and its straightforward interpretation. A linear transformation is defined which transforms a set of correlated variables into uncorrelated factors. These orthogonal factors can be shown to extract successively a maximal part of the local variance of the variables. The basic problem solved by principal component analysis is to transform a set of correlated variables into uncorrelated quantities, which could be interpreted in a ideal, multi-Gaussian, context as independent factors underlying the phenomenon (Wackernagel, 1995) .
Let Z be the n x N matrix of data from which the means of the variables have already been subtracted. Then the correspondingNxN variance-covariance matrix Fis:
(1) n Let Y be an n x N matrix containing in its rows the n samples of factors Y p (p = 1, ..., AO, which are uncorrelated and of zero mean.
The variance-covariance matrix of the factors is diagonal, owing to the fact that the covariances between factors are nil by definition: 
It can immediately be seen that the matrix Q orthonormal of eigenvectors of V offers a solution to the problem and the eigenvalues k p are then simply the variances of the factors Y p . Principal component analysis is nothing else than a statistical interpretation of the eigenvalue problem:
defining the factors as:
Another important aspect of principal component analysis is that allows to define a sequence of orthogonal factors which successively absorb a maximal amount of variance of the data.
Take a vector j>i corresponding to the first factor obtained by transforming the centred data matrix Z with a vector a, calibrated to unit length:
The variance of ji is:
n n To attribute a maximal part of the variance of the data to y x , an objective function (| >i with a Lagrange parameter X\ is defined, which multiplies the constraint that the transformation vector a\ should be of unit norm:
Setting the derivative with respect to a\ to zero:
-A = 0 <=» 2Va 1 -2Vi=0 (11) aa l one can see that \\ is an eigenvalue of the variance-covariance matrix and that a\ is equal to the eigenvector q\ associated with this eigenvalue:
A second vector y 2 , orthogonal to the first, is of interest:
The function <| >2 to maximize incorporates two constraints: the fact that a 2 should be unit norm and the orthogonality between a 2 and a\. These constraints bring up two new Lagrange multipliers ~k 2 and u,:
Setting the derivative with respect to a 2 to zero:
one can see that jo, is nil (the constraint is not active) and thus:
Again X 2 turns out to be an eigenvalue of the variance-covariance matrix and a 2 is the corresponding eigenvector q 2 . Continuing in the same way one can find the rest of the N eigenvalues and eigenvectors of V as an answer to the maximization problem.
The components are subsequently rotated orthogonally using the Varimax method, to obtain a more significant distribution of the weights of the different variables on the components (Davis, 1986) . These multivariate techniques are very useful tools for the hydrogeochemical characterization of aquifers (Dalton & Upchurch, 1978; Lawrence & Upchurch, 1982; Usunoff & Guzman, 1989; Huizar et al., 1998) and for studies of contamination of groundwater (Grande et al., 1996; Subbarao et ah, 1996) .
Geostatistics The theoretical fundamentals of the geostatistical methods are described in various textbooks (Journel & Huijbregts, 1978; Isaaks & Srivastava, 1989) . In addition, from a hydrogeochemical point of view, they are widely-used techniques (e.g. Istok et ah, 1993; Istok & Rautman, 1996; Pebesma & de Kwaadsteniet, 1997; Jiménez-Espinosa et al, 1997; Cerôn et al, 1999) . These techniques perform an analysis of the spatial continuity and temporal variation of the hydrochemical variables. For this, the spatial variability of these variables is determined by calculating experimental and theoretical variograms (variographic analysis), and by mapping these variables by ordinary block-kriging.
The experimental variogram is defined as follows:
where N(h) is the number of pairs of sample points separated by h, which have measured values of the regionalized variable Z(x); x, is a sample point with i = 1,..., n. The theoretical variograms chosen for modelling were a mixture of nugget and spherical models (Journel & Huijbregts, 1978) :
To map the variables considered, the geostatistical estimation method of ordinary block-kriging on a regular grid was utilized. The linear kriging estimate, Z (x 0 ), was used to obtain the value of the regionalized variable at any sampling point, x 0 (considered as the mean value assigned to the block), using the data values from the neighbouring sample points x a and combining them linearly with weights (Journel & Huijbregts, 1978; Matheron, 1970; Wackernagel, 1995) :
Obviously one has to constraint the weights to sum up to one, because in the extreme case when all data are equal to a constant, the estimated value should also be equal to this constant.
One assumes that the data are part of a realization of an intrinsic random function with a variogram y(li). The unbiasedness is warranted with unit sum weights: with V w a = 0
Thus the condition that the weights numbered from 1 to n sum up to one also implies that the use of the variogram is authorized in the computation of the variance error. The estimation variance is:
By minimizing the estimation variance with the constraint of the weights, one obtains the ordinary kriging system: 
7 where w a are the weights to be assigned to the data values and where u. is the Lagrange parameter. The left-hand side of the system describes the dissimilarities between the data points, while the right-hand side shows the dissimilarities between each data point and the estimation point xo.
Performing the matrix multiplication, the ordinary kriging system can be rewritten in the form:
The estimation variance of ordinary kriging is:
Ordinary kriging is an exact interpolator in the sense that if x 0 is identical with a data location then the estimated value is identical with the data value at that point
PCA RESULTS: DEFINITION OF THE NEW VARIABLES
The PCA was used with the objective of establishing the associations between the physico-chemical variables of the waters and to note any correlations between them.
With these PCA factors in mind, three factorial components were selected that together explain more than 80% of the variance in both analyses ( Table 2) . The first component (PCI) reveals strong associations between the ions S0 4 2 ",Ca
2+
and Sr 2+ , and a lesser correlation between other variables (Mg 2+ , N03~, B 3+ and electrical conductivity). This component may be related to the processes associated with the supply of water rich in these ions derived from the flushing of evaporite deposits, since boron is an element typical of evaporite deposits (Berner, 1971) .
The second component (PC2) mainly groups variables such as Li + , temperature and pH. This factor is probably associated with a geothermal influence, since thermal water with elevated pH does exist. It is important to bear in mind that Li + is highly mobile and that its mobility increases with temperature, so that it becomes enriched during geothermal processes (Risacher & Fritz, 1991; Fidelibus et al, 1992) ; small changes in temperature are sufficient to liberate it from the mineral matrix (Brondi et al, 1973; Paropkari, 1990) .
The third component (PC3) shows a strong relationship between Cl~, Na + and conductivity, and a weaker correlation between Mg 2+ , K + and B 3+ . In the September sample run this factor also includes NO3". It is believed that this component represents the processes of marine intrusion. Also, an intense agricultural activity exists in this coastal zone which may explain the affinity of HOf with this group of variables.
The relatively high weights for B 3+ on PCI and PC3 lead one to believe that the B J+ has different origins, associated with the dissolution of evaporite deposits and with marine intrusion. Its relationship with the thermal anomaly is not significant, given that its weight on PC2 is small (Table 2) . Boron is very soluble and tends to concentrate in environments where there is limited circulation of water, evaporites, brines of marine or continental origin (Uhlman, 1991; Vengosh et al, 1992) . In the Lower Andarax the affinity between B 3+ and CI" and S0 4 2 " ions (the two most important ions representative of the salinization processes occurring in the water of the Bajo Andarax) has been demonstrated .
The geological and hydrogeological context of the study area suggests the existence of three main processes controlling the chemical composition of ground- water: (a) dissolution of saline materials; (b) marine influence; and (c) geothermal processes (Pulido Bosch et al, 1992; . Therefore the three factorial components could be related to hydrogeochemical processes that affect the water of the detrital aquifer.
Based on the three components (PCI, PC2, PC3), three new variables (VI,V2, V3) were established using the values of principal component scores of the samples, which project the n observations onto the first three principal components. These new variables were used for the geostatistical study, and this enabled an analysis in an orthogonal multivariate space (the variables are linearly independent), which is more reduced than the thirteen original variables.
MAPPING GROUNDWATER QUALITY
The geostatistical study analyses the spatial continuity of the three new variables in the two sample sets. For this, the spatial variability of VI, V2 and V3 over the aquifer was defined by calculating their experimental and theoretical variograms. Subsequently, maps of water quality were produced by ordinary block kriging of the three variables.
The sampling network is aligned in a N-S direction. On calculating the experimental variograms for VI, V2 and V3 (May and September) this preferential direction was taken into account. The N-S variograms are fairly similar to the omnidirectional variograms for each variable, although with the omni-directional variogram the results are more satisfactory in terms of the number of pairs used in each lag, with values of lag tolerance of 250 m. Following directions perpendicular or oblique to N-S, such as E-W, N45E or N135E, there is a marked scarcity of points and it is not possible to obtain sufficient pairs for the calculation of experimental variograms. For all these reasons, the experimental variograms were used to undertake the study, with a V3 Sept and lag(/i) of between 1 and 1.5 km, depending on variables. The experimental and theoretical variograms (sum of a nugget and a spherical model) for VI, V2 and V3 corresponding to May and September show the specific models used for each variable (Fig. 3) . In general, they indicate similar theoretical models with little variation in the spatial distribution of the variables for the two sampling periods. The nugget effect is low for all the variables, except for VI-May, where the nugget effect is around 25% of the experimental variance, possibly due to a small-scale variability, not detectable with the chosen lag. The ranges of the three variables are similar, indicating that the phenomena that represent VI, V2 and V3 have an extent of about 4-5 km. That is the distance between two quantities corresponding to the variables. Mapping of the three variables was performed by means the ordinary blockkriging method, on a regular grid of blocks 250 m x 250 m. The choice of this size grid is related to the scale of variability established on the basis of the experimental variograms. The lag used in these plots was, in the majority of cases, 1000 m. That is why the estimation grid permits one to interpolate the available information to obtain a better resolution of the values obtained, although this is at the cost of not smoothing the results and increase of variance of estimation. The search neighbourhood radius used depended on the range established in the model of each variogram. In this way, a radius of 6 km was established for the estimation of VI, of 5.5 km for V2, whilst for V3 it was 7 km.
Two regions can be differentiated in the map of VI (Fig. 4(a) and (b)): the northwest zone of the catchment, with low salt contents, and the zone between the Tabernas gully and the delta, with higher ionic concentrations. The outcropping materials in the northwest zone correspond to Plioquaternary fluvio-deltaic deposits and its underground supply is directly related to the surface waters of the Andarax River, which determines the low concentration of salts in its waters. In the zone of the Tabernas gully the Miocene and Pliocene sediments show evaporite intercalations which influence the salts content of the water, elevating the concentration of salts in these areas. Here also, the highest boron content was recorded: this parameter is related with the variable VI in the PCA (see Table 2 ), and is also associated with high sulphate content . The N0 3~ is also correlated with the VI variable since in the central part of the valley, where the most saline water is found, there are also point sources of agricultural pollution. The general trend is the same for both sample sets, though the concentrations are accentuated in September, due to the fact that the sampling was undertaken after the summer and before the period of maximum recharge, and for this reason the concentration of salts was higher than in May.
Mapping of variable V2 (Fig. 5(a) and (b)) shows its highest values to be along the left bank of the Andarax River, to the south of the Tabernas gully. In this zone there is a greater concentration of fractures in the detrital aquifer. The spatial distribution of this variable is related to the heat flow, favoured by the existence of some fractures running in a NW-SE direction. The temperature of the water in this area (23-27°C) exceeds the temperature of the water in the central part of the valley by about 3°C (Table 1 ). This increase in the water temperature permits the mobilization of Li + , due to its elevated geothermal mobility (Brondi et a/., 1973; Fidelibus et al, 1992) . The spatial distribution of V2 is similar for the two sample sets, though the values are somewhat higher in September, due to the extraction of water from greater depth during the period of most intense exploitation.
The distribution of variable V3 (Fig. 6(a) and (b)) shows two regions situated along the coastal zone. The delta area closest to the river shows the lowest values, whilst the highest concentrations are reached in the other zones closer to the sea. The low values along the river bed correspond to the presence of less saline water, related to the underground supply from areas situated upstream in the detrital aquifer. This water is sulphate-rich, whilst the delta water has a higher salinity and is chloride-rich. The association of CV, Na + and electrical conductivity in variable V2 indicates that the determining factor in the chemistry of this water with is the salt water pollution. This salt influence manifests itself in the coastal strip as a consequence of two fundamental features: wash processes of the Quaternary marine sediments containing formation waters and deposits of marine salts rich in CI", and the presence, at certain times of the year, of negative piezometric values-an essential condition for seawater intrusion .
CONCLUSIONS
The proposed methodology requires the definition of factorial variables, derived from PCA, to identify the physico-chemical processes that affect groundwater, for subsequent analysis of the spatial distribution of these variables using geostatistical estimation techniques. This methodology has been applied to the Detrital Aquifer of the Lower Andarax, which presents a hydrochemical heterogeneity, due to the geothermal processes, the elevated S0 4 2~ and B 3+ content and, in the coastal zone, the existence of a marked marine influence.
By applying PCA, three factors have been defined which are associated with the principal processes that affect the degree of salinization of the water caused by saline enrichment due to flushing of evaporite sediments, thermal influence and marine intrusion, respectively. These three components have enabled three new variables to be defined: VI, V2 and V3. Principal Components Analysis has permitted the separation of the two next processes that were indistinct in the southern area: (a) groundwater enriched with SO/f" was found, with respect to the passage of water through the aquifer, and (b) groundwater contaminated due to the marine influence. Differentiation of these two processes was realized through the identification of the variables VI and V3 for each process and their spatial distribution.
The geostatistical techniques constitute a useful tool for the study of spatial variability in these hydrogeochemical processes, since they enable the distribution of the variable throughout the aquifer to be analysed via its estimation and subsequent mapping. Mapping of variables VI, V2 and V3, associated with the three principal processes implicated, shows the areas where these processes are evident to a greater or lesser degree and allows their relationship with geological data to be established for each zone. However, it must be recognized that these methods will not be applicable in every situation. A minimum number of sample locations is required for any geostatistical analysis, and this will depend on several factors particular to that case. With fewer sample locations, sample variograms become difficult to interpret and variogram parameters become uncertain.
